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[57] ABSTRACT 

A method of modulating digital data to a variable- 
length code having parameters d, k, m, n, and r for 
recording information on and reproducing the same 
from an optical disc. The optimal range of a minimum 
run length d corresponding to the minimum number of 
successive same symbols is determined by a procedure 
which includes a first step to determine the minimum 
S/N required for obtaining a desired error rate from the 
relationship between a bit error rate and the S/N when 
d=0; a second step to obtain the relationship between a 
change of the numerical value d and that of the S/N by 
calculating, on the basis of the required minimum S/N 
obtained at the first step, the S/N loss caused due to the 
change of the numerical value d; and a third step to 
determine, from the relationship between the numerical 
value d and the S/N, the range of the value d corre- 
sponding to the S/N of the transmission characteristic 
dependent on an optical system and an optical disc. 

8 Claims, 8 Drawing Sheets 
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tained by the use of a green laser or a blue laser can be 
MODULATING METHOD increased 2. 15 times or 3.0 times. 

TABLE 1 





Red laser 


Green laser 


Blue laser 


Wavelength 


780 nm 


532 run 


420 nm 


Surface 


1.0 times 


2. IS times 


3.0 times 


density 








NA: 


2.0 times 


4.3 times 


6.0 times 


0.4 — 0.6 









BACKGROUND OF THE INVENTION 

1. Field of the Invention ^ 
The present invention relates to a modulating method 

adapted for use in digitally recording data on a record- 
ing medium and, more particularly, in deterniining the 
optimal range of a minimum run length d (minimum lQ 
number of successive same symbols) in a variable-length 
code (d t k; m, n; r). In addition, if the numerical aperture NA of an objec- 

2. Description of the Related Art tive lens for focusing a laser beam is increased from a 
In a magnetic recording system for example, gener- normal value of 0.4 to 0.6 for example, it becomes possi- 

ally its signal frequency characteristic is differential, 15 ble to enhance the surface density 2.0, 4.3 or 6.0 times in 

and there occurs deterioration of the characteristic in a comparison with the value at the NA of 0.4 in a red, 

higher frequency range of the signal. Such deterioration green or blue laser. 

is derived from, e.g., a variety of losses relative to a However, for recording video information (moving 

head gap, the space between a head and a recording pictures) at a density of 10 Mbps on a disc equal in 

medium, the thickness of a recording medium, and low- 20 diameter (12 cm) to a compact disc, it is necessary to 

frequency loss caused by a rotary transformer. In addi- increase the density more than 6 times since the linear 

tion, random errors are induced by crosstalk noise from density in the conventional compact disc is approxi- 

adjacent tracks, noise from a recording medium, or niately 1.5 Mbps. And there exist difficulties in realizing 
overwrite noise. For achieving an exact operation of such a high density even by the use of a green laser, as 

recording and reproducing data despite any of such 25 " obvious from Table 1. 

losses and noises, it is preferred that the digital data is OBJECT AND SUMMARY OF THE INVENTION 

modulated, prior to being recorded on a medium, ma m . , . 

manner to be adequate for the recording system, The present mvention has been accomphshed m view 

whereby a greater amount of the information can be of * e ctfcumstances mentioned above And its object 

recorded with stability. For the purpose of meeting the 30 resides in providing ai i improved modulating metfiod 

above requirement, it is generally customary to chan- wluch * <**> Me of acluevm S a h * her recordm S den " 

nel-code the data in accordance with predetermined S1 £ ccording tQ one ^ of ^ present mvention> 

Tblock code is included in such channel code. The „ SSt^^ 
blockcode^ 35 

each consisting of mXi bits and converting he data this me thod, a^p^al rangeof arninimumrun 

words into a recording code of nxi channel bits in lefl ^ c ondin ^ ^ in ? um number of ^ 

accordance with adequate coding rules. When i is equal ^ bols h dete rmined by a procedure 

to 1, it becomes a fixed-length code; whereas when i and wfaich rises a first t0 determine ^ n^nnum 

the maximum restriction length r are both greater than S/N (signal . to . noise ratio) needed for obtaining a de- 

1 it becomes a variable-length code. This block code is ^ ^ rate from ^ rdationshi between a bit error 

also termed (d k; m n; r) code, where d stands for the ^ ^ ^ g/N wfaen d=Q . a sccond $tep t0 obtain ^ 

minimum number of successive same symbols (e.g., 0 s relationship betW een a change of the numerical value d 

in the case where date is encoded such that a 1 repre- ^ ^ ^ S/N fey calcula£ingt on ^ basis of the required 

sents a transition, and a 0 represents no transition; thus S/N obta med at the first step, the S/N loss 

a 0 in the encoded signal represents the fact that the caused dug tQ the change of ^ numericaI d . md 

same symbol in the unencoded form as the previous a ^ ^ tQ determine> from ^ relationship between 

symbol is written or read); k for the maximum number ^ numerical value d ^ S/N? tne range 0 f the 

of successive same symbols (0's in the transition en- 50 value d correspond i ng t0 the S/N of the transmission 

coded form); m for the length of a basic data word; and characteristic dependent on an optical system and an 

n for the length of a basic code word. optical disc. 

In compact discs for example, there is adopted an The desired error rate at the first step ranges approxi- 

eight-to-fourteen modulation (EFM) system. In the niately from 10~ 8 to 10~ 10 , and the minimum S/N 

EFM code where d is 2, its minimum inversion interval 55 re quired for realizing such error rate ranges approxi- 

Tmin is 1.41, and its detection window width Tw is 0.4. niately from 21 to 22 dB, and the S/N of the transmis- 

The recording density in a compact disc can be in- sion characteristic dependent on the optical system and 

creased by reducing the lengths of pits on the disc. ^ e optical disc is 32±3 dB. 

However, if the pit length is excessively reduced to be ^ S/N loss due to th e change of the numerical 

smaller than the diameter of a detecting laser beam, 60 value d is calculated as follows, 
there arise difficulties in performing proper detection of 

the pits. Therefore, in case the pit length is reduced, the s/N loss=20 logio (2/(J+2)) 
wavelength of the detecting laser beam needs to be 

shorter. As listed in Table 1, the wavelength of a red where d=0, 1, 2, 3 

laser beam is 780 nm, while that of a green laser beam is 65 The above and other features and advantages of the 

532 nm. And if a blue laser is realized, its wavelength is present invention will become apparent from the fol- 

as short as 420 nm. As compared with the reference lowing description which will be given with reference 

surface density in a red laser, the surface density at- to the illustrative accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS SUppUed to A "° converters 39 an <| 40 «P«" 

FIG. 1 is a block diagram showing an exemplary Now the operation of the above apparatus will be 

constitution of an optical disc apparatus to which the described below. After the analog-to-digital conversion 

modulating method of the present invention is applied; 5 of the video signal in the A-D converter 11, the signal is 

FIG. 2 graphically shows the relationship between an compressed in the compressor 12. Similarly the audio 

error rate and an S/N; signal processed through the analog-to-digital conver- 

FIG. 3 is an explanatory diagram showing the rela- sion in the A-D converter 15 is compressed in the com- 

tionship between a minimum run length d (minimum pressor 16. The buffers 13 and 17 control the timing of 

number of successive same symbols) and an impulse 10 the video signal and that of the audio signal respectively 

response; and supply the outputs thereof to the multiplexer 14, 

FIG. 4 graphically shows the relationship between where the video signal and the audio signal received via 

the S/N and the minimum run length d; the buffers 13 and 17 are combined with each other and 

FIG. 5 is a flowchart of a routine for deciding an then are supplied to the error corrector 18. Subse- 

optimal range of the ininimum run length d; 15 quently in the error corrector 18, error detection and 

FIG. 6 is a block diagram of an exemplary modulator correction codes are added to the input data received 

employed in the apparatus of FIG. 1; from the multiplexer 14, and the composite signal thus 

FIGS. 7A-7F are timing charts of signals for explain- obtained is supplied to the modulator 19, which con- 
ing the operation in FIG. 5; and verts the input digital data to a recording code in accor- 

FIG. 8 is a block diagram of an exemplary demodula- 20 dance with a predetermined conversion format. And 

tor employed in the apparatus of FIG. 1. the recording code is supplied to the optical head 20 so 

DFSCRrPTTON OF THF PUFFRRRFD as to be used for modulation of the laser beam. Conse- 

DESCRIPTION OF THE ^PREFERRED qucQtly tflc modulatcd Iaser beam corrcspondmg to the 

*,Mi*<JUiM±irN i recording code is irradiated onto the optical disc 21 to 

FIG. 1 is a block diagram showing an exemplary 25 thereby form bits which correspond to the recording 

constitution of an optical disc apparatus to which the code. 

code generated by the modulating method of the pres- The optical head 31 reproduces the code recorded on 
ent invention is applied. As shown in this diagram, a the optical disc 21 and supplies the reproduced output 
video signal is input to an A-D converter 11 where to the amplifier 32, where the output of the optical head 
analog-to-digital conversion is executed, and the con- 30 31 is amplified and then is supplied to the equalizer 33. 
verted signal is supplied to a compressor 12 so as to be Thereafter the equalizer 33 equalizes the input repro- 
compressed. The output of the compressor 12 is sup- duced signal and supplies the same to the demodulator 
plied via a buffer 13 to a multiplexer 14. Similarly, an 34. Meanwhile the PLL circuit 35 extracts the clock 
audio signal is input to an A-D converter 15 where component from the output of the equalizer 33 and 
analog-to-digital conversion is executed, and then the 35 supplies the clock signal to the demodulator 34. Subse- 
converted signal is supplied to a compressor 16 so as to quently in the demodulator 34, the recording code sup- 
be compressed. And the output of the compressor 16 is plied from the equalizer 33 is demodulated to the former 
supplied via a buffer 17 to the multiplexer 14. The out- digital data on the basis of the clock signal obtained 
puts of the buffers 13 and 17 are combined with each from the PLL circuit 35. The demodulated output is 
other in the multiplexer 14, whose output is then sup- 40 then supplied to the error corrector 36 where the error 
plied to an error corrector 18. The error corrector 18 is corrected. Thereafter the output of the error correc- 
adds an error detection code and an error correction tor 36 is supplied via the buffer 37 to the demultiplexer 
code to its input data, and its output is supplied to a 38 so as to be separated into the video data and the 
modulator 19. In the modulator 19, the data received audio data. The audio data is supplied to the A-D con- 
from the error corrector 18 is digitally modulated in 45 verter 39 for analog-to-digital conversion, while the 
accordance with a predetermined conversion format video data is supplied to the A-D converter 40 for the 
which will be described later. And the modulated signal same conversion. The video signal and the audio signal 
is outputted to an optical head 20. Then the optical head outputted from the A-D converters 39 and 40 respec- 
20 generates a laser beam in conformity with the output tively are supplied to an unshown monitor, 
of the modulator 19, and a signal is recorded on an 50 Hereinafter a description will be given on the modu- 
optical disc 21. lating method adopted in the modulator 19. 

An optical head 31 irradiates a laser beam to the FIG. 2 graphically shows the relationship between 
optical disc 21 and reproduces, from the reflected light, the bit error rate and the S(p-p)/N(rms) (Signal peak-to- 
the signal recorded on the optical disc 21. The repro- peak divided by Noise root-mean-square) in the case 
duced signal outputted from the optical head 31 is sup- 55 where the digital data is modulated by the predeter- 
plied via an amplifier 32 to an equalizer (EQ) 33 so as to mined method with d=0 (inclusive of nonmodulation) 
be equalized to predetermined frequency characteristic. and is demodulated. If d=0, this relationship remains 
The output of the equalizer 33 is supplied to a demodu- unchanged regardless of any modulating method. In the 
lator 34 while being supplied also to a PLL circuit 35, graph of FIG. 2, the S/N and the error rate are taken 
which extracts a clock signal synchronized with the 60 along the abscissa and the ordinate, respectively. It is 
clock component included in its input signal and obvious from this graph that the error rate is lowered in 
supplies the clock signal to the demodulator 34. And the conformity with an increase of the S/N, and also that 
output of the demodulator 34 is supplied to an error the magnitude of the logarithm base 10 of the error rate 
corrector 36, which then corrects the errors in the data change of the error rate is raised in conformity with an 
received from the demodulator 34 and supplies the 65 increase of the S/N measured in dB. In the recording- 
corrected data via a buffer 37 to a demultiplexer 38. In /reproducing system of FIG. 1 where the error rate 
the demultiplexer 38, the video data and the audio data generally needs to be maintained below 10~ 6 , it is nec- 
are separated from the output data of the buffer 37 and essary to suppress the maximum error rate in a range of 
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10- 8 to 10- 10 . For realizing such desired error rate, the 
S/N needs to be approximately 21 dB to 22 dB, as will 
be understood from FIO. 2. 

The transmission characteristic in the optical record- 
ing shown in FIG. 1 is lowered substantially linearly 
toward the optical cutoff frequency (NAA) on the 
spatial frequency axis determined by a light source in 
each of a recording section and a reproducing section. 
FIG. 3 shows a model of such characteristic. When the 
minimum run length d is changed from 0 to 1, 2, 3, . . . 
and so forth, there is obtained such an impulse response 
as shown in FIG. 3, where a greater impulse response is 
obtained with an increase of the numerical value d. 
More specifically, FIG. 3 shows that the number of 
symbols "0" interposed between symbols "I" and "1" in 
the transition encoded signal form is increased with an 
increase of the numerical value d, and (d+2) channel 
clock pulses T occur during in the impulse response. 

In FIG. 3 showing the impulse response, the abscissa 
and the ordinate represent the time and the response 2 n 
. output, respectively. 

In FIG. 3, the S/N required for the (d, k) code is 
shown on the basis of d=0 as a reference (0 dB). 
Namely, with an increase of the numerical value d, the 
S/N is changed to be 2/(d+2) times the ratio at d=0. 
This relationship is concerned with the case where the 
recording density is increased by Tmin times the modu- 
lation code. 

Relative to the numerical value d, the S/N loss L 
(dB) is expressed as 
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I=201og, 0 (2/<rf+2)) 
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Suppose now that the above-described S/N of 22 dB 
is obtained at d=0 (during nonmodulation). Then the 
S/N is changed as graphically shown in FIG. 4 in ac- 
cordance with changes of the value d during modula- 
tion. It is obvious from this graph that the S/N is raised 
nearly exponentially in accordance with an increase of 
the value d and also that a higher S/N for the transmis- 
sion characteristics of the read and write heads is 
needed correspondingly to this greater S/N ratio. 
When d=2 for example, the S/N of the transmission 
characteristics of the read and write heads needs to be 
enhanced by 6 dB or so as compared with the ratio at 
d=0, or the same error rate at will not be attained. 

Assume here that the S/N of the transmission charac- 
teristic determined by the optical system (optical heads 
20 and 31 in FIG. 1) and the optical disc 21 in FIG. 1 is 
32±3 dB. Then the numerical value d for ensuring the 
S/N of 32±3 dB is in a range of 2.5 to 7 as apparent 50 
from FIG. 4. More specifically, it is defined that the 
requirement can be satisfied by setting the minimum run 
length to a value equal to or greater than 3 and smaller 
than 7. 

The procedure described above is represented by a 55 
flowchart of FIG. 5. 

In this chart, a routine for deciding the optimal range 
of the minimum run length d (minimum number of 
successive same symbols) by the modulating method of 
the present invention is started at step SI. 

At step 52, there is calculated the relationship be- 
tween the S/N and the bit error rate in the digital data 
demodulated after the modulation by the predetermined 
method to satisfy the condition of d=0. This relation- 
ship is such as shown graphically in FIG. 2. Next at step 65 
53, there is calculated the S/N for realizing a desired 
error rate. For example, in the optical system where the 
maximum error rate needs to be within a range of 10 — 8 



to 10- I0 , such error rate can be realized by setting the 
S/N approximately to 21 to 22 dB, as obvious from 
FIG. 2. 

Subsequentiy at step 54, the relationship between the 
change of the numerical value d and that of the S/N is 
calculated. More specifically, there is formed the S/N 
loss caused in comparison with the S/N at d=0 when 
the value d is changed from 0 to 1, 2, 3, . . . and so forth. 
And further the relationship between the value d and 
the S/N is calculated on the basis of the S/N (e.g., 22 
dB) obtained at step 53. (FIG. 4) Then at step 55, the 
optimal range of the value d is determined on the basis 
of the relationship between the value d and the S/N 
obtained at step 54. More specifically, there is deter- 
mined the range of the value d required for ensuring the 
S/N (32±3 dB) of the transmission characteristic de- 
pendent on the system and the data recording medium 
(e.g., the optical heads and the optical disc). 

In the code actually generated under the condition of 
3^d^7, adequate ranges, of the minimum inversion 
interval Train (=(m/n)x(d+l) T) and the detection 
window width Tw (=m/n)xT) are as follows. 

1.7 T<Tmm<2.3 T 
0.32 T<Tw<0.45 T 

Table 2 shows the intervals Tw and the widths Tmin 
obtained with changes of the numerical value d to 3, 4, 
5 and 6. If the value d is set in a range of 3 to 6, an 
enhancement of 30% to 75% or more is expectable in 
the recording density. When d=4 for example, it is 
possible to realize the recording densities shown in 
Table 3. 



60 



TABLE 2 





Tw 


Tmin 


m/n 


d - 3 


0.44 


1.78 


4/9 


d = 4 


0.4 


2.0 


2/5 


d = 5 


0.36 


2.18 


4/11 


d » 6 


0.33 


2,33 


2/6 


TABLE 3 




Red laser 


Green laser 


Blue laser 


Wavelength 


789 am 


532 nm 


420 run 


Surface 


1.0 times 


3.0 times 


4.2 times 


density 








NA: 


18 times 


6.0 times 


8.4 times 


0.4 — 0.6 









As compared with a red laser having a wavelength of 
789 nm selected as a reference here, the surface density 
is increased 3.0 times in the use of a green laser having 
a wavelength of 532 nm, or 4.2 times in the use of a blue 
laser having a wavelength of 420 nm. When the numeri- 
cal aperture NA is changed from 0.4 to 0.6, the capacity 
can be increased 2.8 times in using the red laser, 6.0 
times in using the green laser, or 8.4 times in using the 
blue laser. Thus, even in using the green laser, it be- 
comes possible to record video information (moving 
pictures) at 10 Mbps on and to reproduce the same from 
an optical disc of about 12 cm in diameter. 

Now an exemplary variable-length code with d=4 
will be described below. 

In this embodiment, a data word having a 2-bit basic 
data length is converted to a code word having a 5-bit 
basic code length. Table 4 shows six kinds of basic 
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codes used for such conversion. Digital data can be 
converted to variable-length code words by combining 
such six kinds of basic codes. 

TABLE 4 



10 



Basic code 


r 


N 


M 


D 


a 5) 


1 


4 


2 


2 


(2.3) 


2 


8 


4 


4 


(2. 5) 


3 


16 


9 


7 


(2, 5) 


4 


28 


20 


8 


(2, 5) 


5 


32 


34 


-2 



ing 10-, 15-, 20- and 25-bit code lengths. 






TABLE 6-1 




Data 


Code 


r = l 


11 


00000 




10 


10000 




HUH = 


00001 00001 00000 


r = 2 


0111 


01000 00000 




0110 


OO10O 00000 




0101 


00010 00000 




0100 


00001 00000 


r = 3 


001111 


01000 01000 00000 




001 110 


01000 00100 00000 




001101 


01000 00010 00000 




001100 


01000 00001 00000 




001011 


00010 00001 00000 




001010 


00100 00100 00000 




001001 


00100 00010 00000 




001000 


00100 00001 00000 




000111 


00010 00010 00000 


r = 4 


00011011 


01000 01000 01000 00000 




0001 1010 


01000 01000 00100 00000 




0001 1001 


01000 01000 00010 00000 




0001 1000 


01000 01000 00001 00000 




00010111 


01000 00010 00001 00000 




00010110 


01000 00100 0010000000 




00010101 


01000 00100 00010 00000 




00010100 


01000 00100 00001 00000 




00010011 


01000 00010 00010 00000 




00010010 


00100 00100 00100 00000 




00010001 


00100 00100 0001000000 




00010000 


00100 00100 0000100000 




00001111 


00010 00001 00001 00000 




00001110 


00100 00001 00001 00000 



15 



Table 5 shows the number of effective codes obtained 
by the use of such basic codes. As shown, the number N 
of required code words is changed from 4 to 8, 16, 28, 
32 in accordance with sequential increase of the restric- 
tion length r from 1 to 2, 3, 4, 5, while the number *M of 
code words actually adoptable is changed from 2 to 4, 8, 
20, 34. Consequently the difference D (=N — M) is 
changed from 2 to 4, 7, 8, —2. Thus, it becomes possi- 
ble, by using the code words where the restriction 20 
length r is changeable up to 5, to convert the original 
data into code words properly without any excess or 
deficiency. 

TABLE 5 25 



30 



Tables 6-1 and 6-2 are specific examples for convert- 
ing the digital data to code words by using the basic 
codes in Table 4. As shown in Tables 6-1 and 6-2 digital 35 
data of a 2-bit basic data length is converted to a code 
word of a 5-bit basic code length. For example, data 
"11" is converted to a code "00000" and data "10" to a 
code "10000". Similarly, data of 4-, 6-, 8- and 10-bit 
lengths are converted respectively to code words hav- 40 



TABLE 6-1-continued 




Data 


Code 




WWil 101 


Minn onoio rvwin mwi 




00001 100 


00100 00010 00001 00000 




00001011 


01000 00001 00001 00000 




00001010 


00001 00001 00001 00000 




00001001 


00010 00010 00010 00000 




00001000 


00010 00010 00001 00000 


r = 5 


0000011111 


01000 01000 01000 01000 00000 




0000011110 


01000 01000 01000 00 1 00 00000 




0000011101 


01000 01000 01000 00010 00000 




0000011100 


01000 01000 01000 00001 00000 




0000011011 


01000 01000 00010 00001 00000 




0000011010 


01000 01000 00100 00100 00000 




000001 1001 


01000 01000 00100 00010 00000 




0000011000 


01000 01000 00100 00001 00000 


TABLE 6-2 


r = 5 


0000010111 


01000 01000 00010 00010 00000 




0000010110 


01000 00100 00100 00100 00000 




0000010101 


01000 00100 00100 00010 00000 




0000010100 


•01000 00100 00100 00001 00000 




0000010011 


01000 00010 00001 00001 00000 




0000010010 


01000 00100 00001 00001 00000 




0000010001 


01000 00100 00010 00010 00000 




0000010000 


01000 00100 00010 00001 00000 




0000001111 


01000 01000 00001 00001 00000 




0000001110 


01000 00001 00001 00001 00000 




0000001101 


01000 00010 00010 00010 00000 




0000001100 


01000 00010 00010 00001 00000 




0000001011 


00100 00100 00010 00010 00000 




0000001010 


00100 00100 00100 00100 00000 




0000001001 


00100 00100 00100 00010 00000 




0000001000 


00100 00100 00100 00001 00000 




0000000111 


00100 00100 00010 00001 00000 




0000000110 


00100 00100 00001 00001 00000 




0000000101 


00100 00010 00010 00010 00000 




0000000100 


00100 00010 00010 00001 00000 




0000000011 


00100 00001 00001 00001 00000 




0000000010 


00010 00010 00001 00001 00000 




0000000001 


00010 00010 00010 00010 00000 




0000000000 


00010 00010 00010 00001 00000 




00010 00001 00001 00001 00000 
00001 00001 00001 00001 00000 




SYNC for mod2to4d5 




ASYNC 


23T21T6T 




BSYNC 


21T 23T 6T 
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When the digital data is "1 1" as shown in Table 6, its 
corresponding code word is "00000". Accordingly, 
when l*s are successive as symbols of the digital data in 
case no particular rule is prescribed, it follows that 
symbols 0's are successive in the code word. In this 
case, the code word becomes (4, 00; 2, 5; 5), and the 
number N of the code words obtained with changes of 
the restriction length r is changed as shown in Table 7. 
However, if the symbols 0's are successive indefinitely, 
it is rendered difficult to detect an encoded signal. In 
this embodiment, therefore, when symbols l's of the 
digital data are successive in 6 bits, the code is con- 
verted to "000010000100000". 

TABLE 7 



Basic code 


r 


N 


M 


D 


(2,5) 


1 


4 


2 


2 


(2,5) 


2 


8 


4 


4 


(2,5) 


3 


16 


10 


6 


(2,5) 


4 


24 


20 


4 


(2,5) 


5 


16 


35 


-19 



65 Relative to the 4Z code in Table 8, there are shown 
the minim um inversion interval Tmin (=(m/n)(d+ IT), 
the maximum inversion interval Tmax 
(=(m/n)(k-|-l)T), the data detection window width 
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Tmin* 


Tmax/ 


Code 


Tmin 


Tmajc 


TW 


Tw 


Tmin 


EFM 


1.41T 


5.18T 


0.47T 


0.663 


3.7 


3Z 


1.78T 


7.1 IT 


0.44T 


0.78 


4 


4Z 


2.0T 


9.2T 


0.4T 


0.8 


4.6 
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Tw (=(m/n)T), the product of Tmin and Tw, and the (FIG. l{b)) is "000 L1000 11010010". The encoder 2 de- 
Tmax-to-Tmin ratio of the code word shown in Table 6, cides the restriction length r of the input binary data as 
where T denotes the interval between the digital data. follows. The data corresponding to the First 2 bits "00" 
In addition to the above, Table 8 also shows the values is not existent in Table 6. Therefore a decision is made 
in the 3Z code (d=>3) and those in the EFM code. As 5 as to whether the 4-bit data "0001" inclusive of the 
obvious from the comparison with such values, the succeeding 2-bit data is existent in Table 6. However, 
minimum inversion interval Tmin in this embodiment is this data is not existent either in Table 6. 
2.0 T which is greater than that in the 3Z and EFM Subsequently another decision is made as to whether 
codes. 6.bit data "0001 10" inclusive of another 2 bits is existent 

TABLE 8 10 or not in Table 6. Since this data is not existent either in 

Table 6, further 2-bit data is added thereto. The 8-bit 
data "0001 1000" thus obtained is existent in the contents 
of Table 6 where the restriction length r=4, so that the 
length is decided as r=4. Then the selector 3 delivers 
the data "00011000" to the ROM 64-4. This digital data 
is converted to a code word "OIOCKXHOOOOOOOIOOOOO" 
FIG. 6 is a block diagram showing an exemplary in accordance with the table stored in the ROM 64-4 
constitution of the modulator 19 employed in the appa- (FIG. 7(c)). 

ratus of FIG. 1. Digital data is sequentially inputted to Since the next 2-bit data "11" is decided to be the data 
a shift register 61 in synchronism with data clock pulses. 20 of a restriction length r= 1 shown in Table 6, it is sup- 
In this embodiment, 10-bit digital data is stored in the plied to the ROM 64-1 and is converted to a code word 
shift register 61. The data outputted from the shift regis- "00000" (FIG. 7(c)). 

ter 61 is supplied to an encoder 62, where the restriction The following 2-bit data "01" is not existent in the 
length r is decided. The digital data supplied from the contents of Table 6, so that the next 2-bit data is added 
shift register 61 is delivered via the encoder 62 to a 25 thereto. The data "0100" thus obtained is detected as 
selector 63. the data of a restriction length r=2 in Table 6, and then 

The selector 63 is so formed that the digital data \ s supplied to the ROM 64-2. And subsequently it is 
received from the shift register 61 via the encoder 62 is converted to a code word "0000100000" (FIG. 7(c)). 
supplied to one of ROMs 64-1-64-6 in conformity with ^s the succeeding data "10" is detected as the data of 
the result of the decision obtained from the encoder 62 30 a restriction length r« 1, it is supplied to the ROM 64-1 
relative to the restriction length r. In the ROM 64-1, ^ ^ conV erted to a code word "1000" (FIG. 7 (c)). 
there is stored a table for conversion of 2-bit data jj^ code words ^ conV erted through the ROMs 
(shown in Table 6) to a 5-bit code. Similarly in the 64-1-64-6 are supplied to the multiplexer 5 and are mu- 
ROMs 64-2-^5, tables are stored for conversion of 4-, tuaU combined to form a ^ word 0 f successive bits. 
6-, 8- and 10-bit digital data respectively to code words » As mentioned ^ delimiters of this code word are posi- 
of 10-, 15-, 20- and 25-bit code lengths And in the ROM tbned at ^ ^ 2Q ^ the next 5 ^ the following 
64-6 a conversion table is stored to be used when the 1Q w ^ ^ 5 ^ ^ sterior theret0 (n G) im 
symbols of the input digital data are Y% in successive 6 The composite code word combined by the multi- 

* i u- *u — ♦ T>r\\*« 40 plexer 65 is supplied to the buffer 66 in synchronism 

A mulnplexer 65 combines the outputs of the ROMs 40 Jclock signal (FIG. 7©)) and is stored 

64-1-64-6 with one another and delivers the same to a , . c „u—™*i„ a-~~*L „,**a ;7 ™«a x„t 

buffer <« The data ^^J^^ £ ^ 

ft£5 -ft to ^ code word supplied from the buffer 66 to 

signal and supplied the output signal to the buffer 66. 45 thereby form a code corforming with a Predetermined 

Hereinafter^ operation of the above modulator 19 forma The code Aus obtained is then outpimed to the 

will be described. The encoder 62 decides the restric- W**Lte*d 20, whereby there is produced a recording 

tion length r of the 10-bit data stored in the shift register s ^ (FIG. 7(e)) whose level is inverted in response to 
61. And the selector 63 is controlled in accordance with generation of a symbol 1. Such signal is recorded 

the result of such decision, whereby the input digital 50 on the optical disc 21. 

data is supplied to one of the ROMs 64-1-64-6. In case FIG. 8 is a block diagram showing an exemplary 

the result of the decision signifies that the restriction constitution of the demodulator 34 employed in the 

length r is 1, the 2-bit data is supplied to the ROM 64-1. apparatus of FIG. 1. The code word reproduced from 

This data is "1 1" or "10". The digital data "1 1" is con- the optical disc 21 in FIG. 1 is supplied to a selector 82. 

verted to a code "00000" in accordance with the table 55 A conversion length detector 81 detects the conversion 

stored in the ROM 64-1, while the digital data "10" is length of the code word to control the selector 82. Then 

converted to a code "10000". the selector 82 delivers the input code word to one of 

When the input digital data is "01 1 1" for example, the ROMs 83-1-83-6, which constitute a ROM 83, in accor- 

restriction length r is decided to be 2, and the data is dance with the output of the conversion length detector 

supplied to,the ROM 64-2. Then the data is converted 60 81. The contents inverse to those of Tables 6-1 and 6-2 

to a code "0100000000" in accordance with the table are stored in the ROMs 83-1-83-6. More specifically, 

stored therein. there are stored conversion tables for decoding the code 

Thereafter the digital data shown in Tables6-1 and words, which are shown in Tables 6-1 and 6-2 to regain 

6-2 are converted respectively to corresponding codes the original digital data. 

by the procedure similar to the above. 65 A multiplexer 84 combines the data read out from the 

FIGS. 7(o)-7(c) show an example of such conversion. ROMs 83-1-83-6 and delivers the composite data to a 

Suppose now that the input digital data is 18D2 (FIG. buffer 85. Subsequently the data read out from the 

7(a)) in hexadecimal notation. Then its binary data buffer 85 is supplied to a deformatter 86, and the defor- 
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matted data therefrom is supplied to an error corrector 
86. 

A reference clock generator 87 generates a reference 
clock signal synchronized with the input code word and 
supplies the clock signal to both the buffer 85 and a sync 5 
detector 88. Then the sync detector 88 detects the sync 
signal position of the code word on the basis of the 
reference clock signal supplied thereto from the refer- 
ence clock generator 87. And the detected signal is 
supplied to the ROM 83. 10 

Now the operation of the demodulator 34 in FIG. 1 
will be described below. The conversion length detec- 
tor 81 detects the conversion length of the input code 
word and controls the selector 82 in conformity with 
the result of such detection, whereby the code word 15 
having a 5-bit basic code length is supplied to the ROM 
83-1, while the code word having a 10-bit basic code 
length is supplied to the ROM 83-2. Similarly, the code 
words having 15-bit, 20-bit and 25-bit basic code word 
lengths individually are supplied to the ROMs 83-3-83- 20 
5 respectively. When the input code word has a 15-bit 
length as "000010000100000" it is supplied to the ROM 
83-6. 

The code words inputted to the ROMs 83-1-83-6 are 
decoded to become the original data in accordance with 25 
the tables stored therein respectively. The digital data 
decoded by means of the ROMs 83-1-83-6 are com- 
bined with one another by the multiplexer 84, and the 
composite data is written in the buffer 85. Subsequently 
the data read out from the buffer 85 is supplied to the 30 
defonnatter 86 and, after the process of separating the 
sync signal and so forth, the data is supplied to the error 
corrector 36 in FIG. 1. 

It is to be understood that the present invention is 
applicable to a variety of recording media including 35 
magneto-optical disc, optical disc, magnetic disc and 
magnetic tape. 

What is claimed is: 

1. A method of digitally recording data on a record- 
ing medium at a high recording density, comprising: 40 

inputting a sequence of digital data to be recorded on 
the recording medium to a data modulation means; 

modulating the digital data using the modulation 
means to convert the data to a variable-length code 
having parameters d, k, m, n, and r, wherein m is 45 
the number of bits in a basic data word, n is the 
number of bits in a basic code word, d is the mini- 
mum number of successive same symbols in the 
code, k is the maximum number of successive same 
symbols in the code, and r is a maximum restriction 50 
length, wherein the modulation step includes the 
steps of: 

determining a value for the maximum restriction 

length r for the input data; 
determining a value for the minimum number of 55 
successive same symbols (d) in the code, wherein 
the value of d is determined by the steps of: 
determining a minimum signal-to-noise ratio 
(S/N) required to obtain a desired error rate 
from a relationship between a bit error rate 60 
and a signal to noise ratio (S/N); 
determining a relationship between a change in 
the numerical value of d and a resulting 
change in the S/N ratio; 
determining a range of the value of d corre- 65 
spending to a S/N ratio of a recording circuit 
used to record the data on the recording me- 
dium from the relationship between the nu- 
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merical value d and the resulting change in the 
S/N ratio; and 
selecting a value of d in that range; and convert- 
ing the sequence of digital 
data into a code word based on the determined 
values of the maximum restriction length r and 
the minimum number of successive same sym- 
bols d; and 

recording the coded digital data on the recording 
medium. 

2. The data recording method of claim 1, wherein the 
relationship between the bit error rate and the S/N ratio 
is the relationship obtained when d is equal to 0. 

3. The data recording method of claim 2, wherein the 
relationship between a change in the numerical value d 
and the S/N ratio is determined on the basis of the 
required minimum S/N and the S/N loss caused with an 
increase in the value of d. 

4. The data recording method of claim 3, wherein the 
S/N loss is computed according to: 

S/N lO5s«20 Iog ]0 (2/(</«2)), 

where d=0, 1, 2, 3, ... . 

5. The data recording method of claim 2, wherein the 
desired error rate ranges from about 10- 8 to about 
10- 10 , and the minimum S/N ratio required for such 
error rate ranges from about 21 to about 22 dB. 

6. The data recording method of claim 1, wherein the 
value of d in the variable-length code ranges from 3 to 
7, a minimum inversion interval Tmin ranges from 
about 1.7 T to about 2.5 T, where T is a time interval 
between bits, and a detection window width Tw ranges 
from about 0.32 T to about 0.45 T. 

7. A method of digitally recording data on a record- 
ing medium at a high recording density, comprising: 

inputting a sequence of digital data to be recorded on 
the recording medium to a data modulation means; 

modulating the digital data using the modulation 
means to convert the data to a variable-length code 
having parameters d, k, m, n, and r, wherein m is 
the number of bits in a basic data word, n is the 
number of bits in a basic code word, d is the mini- 
mum number of successive same symbols in the 
code, k is the maximum number of successive same 
symbols in the code, and r is a maximum restriction 
length, wherein the modulation step includes the 
steps of: 

detennining a value for the maximum restriction 

length r for the input data; 
determining a value for the inimmum number of 
successive same symbols (d) in the code, wherein 
the value of d is determined by the steps of: 
determining a minimum signal-to-noise ratio 
(S/N) required to obtain a desired error rate 
from a relationship between a bit error rate 
and the S/N at d=0; 
detennining a relationship between a change in 
the numerical value d and the S/N ratio from 
the required minimum S/N ratio by determin- 
ing the S/N loss caused with the change in the 
numerical value d, wherein the S/N loss is 
found according to 

S//Vloss«20 logu>(2/(rf«2)X 

where d=0, 1, 2, 3, ... ; 
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determining a range of the value of d corre- 
sponding to the S/N ratio of the transmission 
characteristics of a recording system used to 
record the data on the recording medium from 
the relationship between the numerical value d 
and the S/N ratio; and 
selecting a value of d in that range; and convert- 
ing the sequence of digital 
data to a code word based on the determined val- 
ues of the maximum restriction length r and the 



14 



10 



minimum number of successive same symbols d; 
and 

recording the coded digital data on the recording 
medium. 

8. The data recording method of claim 7, wherein the 
desired error rate ranges from about 10- 8 to about 
10- 10 , the rninimum S/N ratio required for realizing 
such error rate ranges from about 21 to about 22 dB, and 
the S/N ratio of the transmission characteristic depen- 
dent on the recording system and the recording medium 
is approximately 32 ±3 dB. 
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